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Physics

OPTICAL DETECTION AND PROBING OF SINGLE DOPANT
MOLECULES OF PENTACENE IN A p-TERPHENYL HOST CRYSTAL

BY MEANS OF ABSORPTION SPECTROSCOPY

I.. Kador.. D. E. Torne, and W. I:. Moerner
IRM Rescarch Division
Almaden Rescarch Center

San Jose, California 95120

ABSTRACT: Using a combination of lascr {requency-modulation absorption spectroscopy
and cither Stark, longitudinal ultrasonic, or transverse ultrasonic internal modulation, the
optical absorption spectrum of a single impurity molccule of pentacene in p-terphenyi crystal
may be measured at liquid helium temperatures. The gencral properties of this detection
method are illustrated by first applying the technique to the detection of persistent spectral
holes in the pentacene/p-terphenyl system. Selection of a single absorber for measurement
is accomplished by tuning the probing laser far out into the wings of the inhomogeneously
broadened 0-0 absorption lines for either the O, or O, sites. The single-molecule line shape
is similar to that predicted by a simple modecl of the double-modulation process. The
approximate amplitude of the single-molecule signals suggests that triplet bottleneck power
broadening is suppressed far out in the wings of the inhomogenous line. This work probes
the ultimate N =1 limit of thec statistical fine structurc present in all inhomogenous

absorption hincs.

Present address: University of Bayrcuth, Bayreuth, West Germany




[. Introduction

Optical absorption lines of impurity molecules or ions in a solid matrix are usually subject

: .2 : : : . .
to inhomogencous broadening thereby reflecting various imperfections in the structure
of the host material. The inhomogeneous distribution can be roughly described by a
Graussian profile, since the exact position of each individual absorption line depends on manv
random parameters, namely the position and orientation of the absorber with respect to those
of all the surrounding molecules in the matrix. However, as has been demonstrated recently
35 L . . o -
a closer examination shows that a fundamental statistical {ine structure (SI'S) is
superimposed on the smooth Gaussian curve. This fine structure i1s due to statistical
Tuctuations of the number of individual absorption lines from onc frequency interval within
the inhomogencous distribution to the next. According to fundamental laws of statistics, the

fluctuations in the number of absorption lines per homogencous linewidth, Ny, , are equal

to the square root of its average vaiue,

ANy = Ny (1
in the limit N;; > > 1. Since the absorption cocfTicient & is proportional to Ny . the SIS,
which corresponds to the [luctuations in a, is largest in highlv doped samples and at the
center of an inhomogencous line (as long as the concentration is not too large). The relative
magnitude of the SI'S, AN} /Ny, on the other hand, incr-  with decreasing impurity
concentration. [inally, at extremely low concentrations or far out in the wings of an
inhomogencous line, the absarption spectrum consists onlv of individual molecular absorption

lincs, so that

ANy = Ny (2

This is the limit Ny < <2 1. In the present paper we show that (hsoption signals due to
single molecules in 1 solid matrix can be detected, corresponding to the attainment of the

ultimate Ny = 1 himit of SES. Our model system is pentacenc in p-terphenyl single crvstals.
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n the past few vears, <everal ultrasensitive expeaments [or the optical detection and
.. . . . BRI .
spectroscopy of single absorbers in various environments were performed . Nlost of the
work was concentrated on single atomic jons confined in clectromagnetic traps in vacuum.
Por exainple, by detecting the {luorescence from trapped tons slowed by laser-cooling, a
. . . A " 4 .79
variety of interesting quantum jump  and photon antibunching phenomena were observed
that test our understanding of basic atomic and quantum phvsics. or the case of Tlg' | 1t
was cven possible to determine the radiative transition rates between the four lowest energy
~ . - . . 0 .
levels from the quantum jumps of a single ton . In the same svstem, Doppler sidebands
of one specific transition in a single 1on duc to secular motion in the pscudopotential of the
¥ "o . : . .
rf trap were detected . While moct of these experiments involved the measurement of the

. . . . : . 1
luorescence from the confined ion, a successful absorption experiment was also reported .

In condensed matter, the experimental techniques for detecting single absorbing centers
have not been developed as far as for the case of trapped jons in vacuum. Important carlv
: ‘ . : N . .
results included the detection of single viruses and bacteria  and single protein molecules
. . o . . . .
with multiple chromophores  in liquid media by using novel optical traps and hvdrodvnamic
focusing techniques, respectively. [n the solid state, the detection of the fluorescence signal
from as few as five Sm?' ions in a Cal’, cryvstal at 77K at a single fixed frequency has been
s . . . . . S
reported . One advantage of performing ultrasensitive optical experiments in a sofid is the
fact that the absorbing centers are cffectively trapped by the host matrix and. therefore,
inherently show “static”™ behavior without any Doppler or recoil cffects, although the centers
do interact with host phonons. The optical spectroscopy of a single impurity jon or molecule
in a low-temperature solid could, furthermore, provide a new tool for the study of local
. , 4 : . 4 G
gucst-host interactions without the conventional averaging over as manv as 10 to 10
morc-or less-equivalent <ites. owever, detection of «ingic absorbers in a <olid presents
problems not present in the case of single tons in vacuum. [For {luorescence experiments, it
1S duneult to deteet the signal from a single absorber in the Ravicigh and’or Raman

packgronnd Tom the large number (10" — [0 of Lot tiotecnics or 1ons in the proiimg




A
volume. In order to circumvent the problem of Ravleigh or Raman scattermg, we used two
high-sensitivity zero-background forms of absorption spectroscopy, laser frequency. Stark
(I'M Stark) and laser frequency ultrasonic (I'MUUS) double modulation, which are described
in the next section. [urthermore, since the sampic must be kept at low temperatures in a

crvostat, the problem of mechanical vibrations and’or slow motion due to thermal expansion

or contraction must be solved.

One crucial issue for single-molecule spectroscopy in solids is the method of sclection of
a single absorbing center. Successive dilution” of the doped host material is one method of
achieving low concentrations: however, we chose to use the inhomogencous line broadening
effect directly as shown in Iigure 1. The left side of the figure shows an inhomogencous line
composed of many discrete homogencous (usually Lorentzian) absorption profiles; the overall
shape of the imnhomogencous line is Gaussian in many cases. At a laser wavelength near the
center of the inhomogencous line, many molccules are in resonance with the laser. and the
absorption profile shows the characteristic SI'S reported carlier’. However, far out in the
wings of the line, fewer and fewer centers arc in resonance with the laser. Tt is clear that
for a wavclength sufficiently far from the linc center, the number of molecules in resonance
within the focal volume can be reduced to one, or cven less than one. This is the method
whereby we reduced the concentration of molecules in resonance to unity. The method has
the advantage that by tuning the laser to the center of the line, strong SIS signals are
available for optimization of the detection conditions. Then by tuning to the wings of the
linc, single molecule spectra can be obtained, and by tuning out cven further, a background

level that should be similar to an undoped sample mav be recorded.

In the following, we present experimental data describing the optical detection and

¢

spectroscopy o individual pentacene molecules in a p-terphenyl single cervstal at 1LSK. Tirst

- . o ‘ . :
results of this work were published recently . Section 11 describes the experimental details,




-

Scction I1E the theory of the lineshape and the expected <ingle-molecule signal size, and

Section IV presents the resuits and discussion of our measurements.

Il. Experimental

A Frequency Modulation Spectroscopy

The basic spectroscopic technique that we used for the detection of SES and
single-molecule signals is frequency-modulation (FM) spectroscopy (I'MS), a low-background
method that was first described severai vears ugo”. The method operates by sensing the
conversion of a frequency-modulated light beam into an amplitude-modulated beam by a
narrow spectral feature. The basic operation of the technique is illustrated schematically in
Figure 2. Dirst. a single-frequency (tunable) laser beam is passed through an optical phase
modulator (an electrooptic crystal such as LiTaO,) which is fed by a radio frequency (rf)
source. A key advantage of ['MS is that the modulating frequency m,, is in the M7
frequency range or higher so that the laser noise at w,, consists in most cases of onlv
quantum shot noise. In the fimit of fow rf power and, hence, low modulation index. only
two sidebands around the laser carrier {requency o focated at m +m,, arc appreciable in
amplitude. One of these sidebands oscillates in phase with the central (carrier) line, the other
out of phase by 180°. When no sample is present to disturb the equality of the two
sidebands, the beat signals at wm, duc to the carrier mixing with cach of the sidebands at the
detector cancel, giving no signal at «. This is simply a frequency-domain statement of the
fact that an ideal phasc-modulated beam has no amplitude modulation. The situation
changes, however, when the light passes through a sample contahidng narrow absorption
features. A« long as the spectral feature is not much wider than the sideband spacing, the
two sidebands are attenuated by dilferent amounts, and, as a result, a photocurrent appears
at m at the fast photodetector. Thus, another virtue of I'M spectroscopy lies in its

sensitivity only to narrow absorbing fcatures and the rejection of broad <ignals. FFor example,
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I'MS is capable of detecting the narrow SIS structures on an inhomogencous line, but is
: . . L R

insensitive to the broad inhomogencous background absorption . The modulated

photocurrent at o, i< phase-sensitively detected using a rf mixer. Lither the sample

absorption or dispersion may be probed by proper choice of phase.

There is, however, a serious practical imitation to the sensitivity of a real M experiment,
namelv residual amplitude modulation (RAM) in the modulator crystal or in other optical
components which causes a (requency-dependent imbalance in the two sideband

: 18 L e :
amplitudes . This phenomenon, which is not vet understood in full detail, gives rise to
spurious rf signals in the photodetector that interfere with and can bury weak absorption

signals from a sample.

A number of methods have been devised to overcome the RAM problem. Some
approaches use external techniques such as special polarization schemes Y or optical nulling
af RAM in a double-beam conl‘:gurémonm, whereas another approach is based on an
additional internal modulation of the absorption lines under consideration, hence the name,
double modulation.  An cxample of the latter principle is the photochemical modulation of
the Schuler absorption bands of NDy in conjunction with st Very recently, an internal
Stark effect modulation of the absorption lines was used in an 'V experiment to detect
transient holes and SI'S in the R, transition band of ('r'* jons in alexandrite”. In our
single-molecule detection (SMI)) experiment, we also used cither of two internal sccondary
modulation techniques for suppressing RAM. The first method (IFM Stark) involves a Stark
cffect modulation similar to that described in Refl 5, whereas the sccond one ('MW U'S) uses
ultrasound of different polarizations and frequencies to periodically shift the absorption lines
in the sample. Previously, ultrasonic modulation (without 'NIS) was applied to the sensitive

. . nn
detection of shallow persistent spectral holes .




B. Lxpervimental Configuration

Because of the difTiculty of single-molecule detection, the experimental apparatus will be
described thoroughlyv. The optical set-up and the common clectronic components of our
apparatus are shown in Figure 30 The radintion from an actively stabilized. tunable
single-mode cw dye laser DE (Coherent S99-21) with an effective linewidth of about 2-3 M1,
was {irst passed through an amphtude stabilizer AS (Cambridge Research 1.8-100) for
reduction of low-{requency power fluctuations. This was necessary because actual signals
and or RAM shift the low-frequencey laser fluctuations up to or_ even though in the absence
of anv signal or RAM the background in I'MS §s near the shot-noise limit. Next, the beam
was focussed through the clectro-optic phise modulator O (Crvstal Technology Model 6100,
containing three li'l‘;x()1 crvstale). The radio frequency used to drive the phase modulator
was generated by a precision rf osciflator RETT (Marconi Instruments 2019A) whose output
was sphit by a two-wav, 07 power splitter 'S, One output port of the splitter was connected
to the phase modulator through an rf phase <hifter ¢ and a tunable vof power amplifier A
(Hewlett-Packard 230B), while the other port provided the local-oscillator signal LOT for the
mixer in the first demodulation step (see below). The rl frequencies used ranged between

S0 and 100 MUy, and the FN modulation index was adjusted to approximately 0.8,

From the phase modulator, the laser light was bounced ofl a4 confocal Fabrv-Perot ctalon
I'PE (Tropel 240 with 1.5 GHZ FFSR). The narrow absorption ftvinges of this ctalon provided
a strong M <ignal which was used for optimizing the alignment of the photodetector PDI
and for measuring the detection sensitivity of the apparatus. During the actual SND
measurements, the resonances of the etalon were placed outside the 0.5 or 1 G, wide laser
scan range, and the ctalon simply acted as a mirror. A resnel rhomb polarization rotator
PR after the ctalon provided the possibility of rotating the polarization axis ol the tincarly
polarized light in any direction for matching the transition-dipole axis of the aligned dve

molccules in the sample. At this poimt, a4 bean splitter BS split ofl a reference beam which
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was necessary for correct adpustment of the rf phase (sce below), The sample beam entered

the crvostat and was focused onto the sample S, which was kept at 1.5K in superfluid helium.

In the carly stage of the SMD experiments, we used a high-qualitv achromatic doublet

lens with 75 mm focal length located outside the crvostat for focussing. TTowever, with this
method we observed single-molecule signals which changed on the time scale of a few minutes
and therefore exhibited poor reproducibilitv. We beheve that the sample holder mounted at
the lower end of a stainless-steel rod inside the crvostat was subject to slow creeping motion
resulting from thermal expansion as the level of the superfluid helium in the sampte chamber
went down. Therefore, a single molecule originally in focus in the micron-sized focal volume
wiandered out of the laser focus within a few minutes. We solved this problem by replacing
the focussing achromat lens with a small 0.47 numerical aperture (NA) three-clement lens
of 4.2 mm focal length (Olvmpus AV4647-3) designed for application in optical storage
devices, which was mounted on the sample holder inside the superfluid helium. In this case,
thermal motion caused the focussing lens to move together with the sample, so that the
motion of the focal spot relative to the sample was only of sccond order. Using this
configuration it was possible to obscrve a single molecule for more than an hour. Since the
local length of the lens slightly changed between room temperature and 1.5K, we lound it
favorable to have the possibility of adjusting the distance between lens and sample inside the
crvostat. We achicved this by mounting the lens on a strip ol thin stainless-steel shim stock.
one cnd of which was rigidly connected to the sample holder, while the other free end carried
a small CoSm magnet. A small coil was mounted on the sample holder adjacent to the
magnet. By adjusting the current through the coil it was possible to move the lens over a
distance of roughly 2 mm in the superfluid hefium. The light transmitted through the sample

was focussed onto a fast St avalanche photodiode (RCA (CI095017 with integral preamplifier).

The light beam reflected ofF the first beam splitter was used to generate a reference FM

stgnal with the same rf phase as that of spectral features in the sample. The reference beam
g2 f




S
was beunced off another confocal Tabry-Perot etadon PR (same model as FPL and the
outgoing beam was directed to a cecond iwdentical avalanche photodetector PDIR by pacans
of 4 second beam eplitter. Care was taken to match the hght paths from the first beam
eplitter to the cample and to TPIR acwell as from cither of these pomts to the respective
photadetecrore to wathin a small fraction of the of wavelength, In addition, the Jdetection
clectrones ehund the photodetecrors, which 1o deseribed inthe following paragraph. was
made as rdennicat as possible up e the first-stage mixerss In this wav, by observing the
arong M Genal from the resonance fringes of FPTR. it was possible to cauly adjust the

hE!
desired phase of the of used for dinving the O modulator © This was cruaial for recognizimg
and mterprenng the hne shape of the sigle molecuie signals (see below), Afrer adjustment
of the rf phase, the light path 1o FPIR was blocked between the two bheam splitters in order
ra rule out any posable wmlluence of the pack-reflection from the ctalon on the hight in the
cample path. In both paths, the Tight mtensity could be adjusted independentlyv by using

combinations of fived and variable neutral density attenuators VAL

The detection electronics used in the I'NM Stark and )M US experiments is depicted in
Freso di) and dihy, respectively. Up to the first stage mixers M1, the sct-up was identical
in both cases. The signals [rom the two photadetectors were first fed through -20dB
directional couplers DC. The -20dB-port of the coupler i the sample path was connected
to an rf spectrum analvzer SA (TP S390A) for dingnostics, whereas in the reference path the
S20dB-port was terminated inoa S0Q Toad T The spectrum analvzer allowed observation of
the intermodulation signals at sums and differences between the of modulating frequencey and
the cecondary mternal modubition frequency. This signal allowed aptimization of the poation
of the focus of the amall len< in the crvostat (wee hefowy  After the directional coupiers the
aenals passed throngh SO high-pacs filters HPE to supprese Tow-frequency sienals that
might arice {ram overall amplitnde vanations of the hight an the <ample due to the secondan
moduliation Sheht penodic changes in the <ample tranamsson could arse from

clectrostictnion effecra i the caae of Stk mo-lulation and from compressaon and raretaction
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in the case of the U, experiment.  The [iltered signals were [ed into the of ports of matched
double-halanced mixers M {Mini-Circuits Z1°N-2) which periormed the first-stage
demodulation (with respect to the M) The local-oscillator signal 1OV for these mixers was
rravided by the Marcont 2019\ gencrator (sce above) and split into cqual parts by a
nwo-way, 07 power splitter PS. The intermediate-frequency port of the mixer in the reference
path was connected to a custom-built, low-noise post-mixer-preamplifier PMPA #3 and the
amplified I\ signal of the resonance fringe from ctalon I'FPIR was observed on an
osalloscope O This signal was used to adjust the rf phase. The further processing of the
output of the nuxer m the sample path was different for the 'M/Stark and the PN US

method.

I'or the FM Stark scheme, the sample was mounted between two sapphire plates coated
with transparent but conducting indium-tin-oxide (I'TOY coatings on their inner surfaces. A
custom-built AC IV power supply provided bipolar oscillating Stark voltages of up to 1600V
pk-pk at frequencics between 2 kilz and 5 kllz. We used two different waveforms for this
voltage, namely cither a sinusoid or a bipolar square wave (sce I'ig. 4a). Since peniacenc in
a p-terphenyt host crystal exhibits a quadratic Stark cffect’. the second-step demodulation
of the signal (with respect to the Stark ficld) was performed with a lock-in amplifier LIA
(Ithaco 393A) at twice the modulating lrequency. Therelore, the output of the mixer M1 in
the sample path was first amplified using another home-built post-mixer preamplificr (PMPA
=2} and fed into the fock-in. The demadulated signal was finallv stored in a digital
oscilloscope (a Data Precision 6100 waveform analvzer with a 100 kHz, 14 bt digitizing
pluging. Parallel to the demodulation in the fock-in, the output of PMPA 22 was
handpass-filtered (0.1-300 T2y and fed into an oscilloccope O In this way it was possible
to observe the <trong SI'S at the center of the inhomogencous hne in simple "M without

secondary modulation,
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In the I'M US cxperiment, the sample was bonded to a PZT or quartz transducer for
application of either longitudinal or shear waves: the cigenfrequencies of the transducers
ranged between 2 MI, and S MIlz. The transducers were driven by the output of a
svnthesized rf generator RI22A (Hewlett-Packard 3325A) (see Fig. 4(b)).  In this case, the
absorption lincs were shifted hnearly with the applied stress ficld, and the second-step
Jemodulation had to be performed at the modulating {requency with another of mixer.
Therefore, the output of the first-stage mixer M1 was spht by a resistive power sphitter RPS,
onc of whose output <ignals was narrow-band amplified around the US frequency by a cham
of bandpass filters BPI and an f signal amplificr A (Trontech WS0K). In the case depicted
in g, d(h) an ultrasonic frequency of 2 M7 wis utilized. The amplified signal was fed into
the rf port of the sccond-stage mixer M2 (Mini-Circuits 7ZI'M-3), whose local-oscillator signal
was provided by a sccond rf generator R172 which was phase-locked to RIF2ZA. The output
of M2 was amplified by PMPA #2, bandpass-filtered and stored in the digital oscilloscope
DO. The sccond output signal of the resistive power splitter was directly amplified by PMPA
#1, bandpass-filtered and fed into an oscilloscope O for the observation of strong SI'S signals

i simple 1°M.

For recording SI'S or SMD, the laser was scanned continuously over a {requency interval
between 0.5 and 1 Gz in width, and the scans were averaged in the digital wavelorm
analvzer DO. One final trace was obtained by averaging usuallv 128 or 512 single scans.
In most of the experiments the laser scan rate was adjusted to the fastest possible value of
0.25 < scan. Thus the final detection bandwidth was controlled by the final bandpass lilter

or the lock-in, moadifi= v the number of averages.

C. Semple Character %

The low-temperature electronic absorption spectrum of pentacence in p-terphenyl is known
to consist of four inhomogeneous |§; = « |S, > site origins of almost equal width and

intensity, corresponding to pentacenc substitution of cach of the four meqmvalent
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p-terphenyl molecules in the low-temperature unit cell A Gienerally, these inhamogencous
absorption lines are referred to as O to O, in the order of increasing transition cnergy.
The two longest-wavelength o-iging O, and O, arc centered around 592.32 nm and 592.18
nm, respectively, whereas the transition wavelengths of Oy and Oy arc about 4 nm shorter.
Since the inhomogencous wiiths of all four bands are ~ 40 GIl7 (0.05 nm), O, and O, have

a slight overlap, but are well separiate.! om the next onigin O, . For this reason,
single-molccule spectra could only be recorded at the fong-wavelength edge of OO, and at the
short-wavelength edge of O,, but not in between them. No attempt at SMD was made in O,
and O, ., since these two lines showed only weak and broad SI°S features in a previous

4 . . . .
study . probably due to higher ISC rates and longer triplet lifctimes.

Sublimed pentcene and zone-refined p-terphenyl were used for sample preparation. Irst,
the dopant and the host were mixed and pre-melted to achieve good dispersion of the dopant.
Single crystals were grown {rom the doped mixtures using the Bridgman technique. The
actual samples were cleaved from the Bridgman boule and had thicknesses of 100-200 pm.
Ior single-molecule detection, the dve concentration was chosen between 2 x 10 7 and
I x 10 % mole/mole. In order to compare the Jine shapes obtained in SMD to those of similar
but stronger signals, we also burned persistent spectral holes and detected them both in
simple I'M and in I'M’Stark double modulation.  Since the hole-burning cfliciency is
extremely Jow in this svstem ' we used samples of higher concentrations (typically

2.5 % 10 % mole/mole) for the hole-burning studies.

[I. Theory

A, Line Shape of Single-Molecule Signal in Double Modulation

In this section, we present a simple theory for the detected shape of a Lorentrzian

ah<orption hinc in our double-modulation experiment. The ealculation is applicable to
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singie-molecule lines as well as to spectral holes, as long as the modulation index is less than
unitv. In erder to generate explicit expressions, we specifically consider the case of FMUS
double modulation with a lincar dependence of the molecular line shift on the ultrasomc ficld.
The extension of the calculation to the cases of hinear or quadratic Stark cffect modulation
is straightforward, and the resuitant line shapes are identical in ail these cases, as long as the

line shilt 1< less than the homogencous width.

We begin with the detector photocurrent in a simple /M experiment. According to

. 1 .
well-known AL theory | the detector photocurrent 1 is given by

2 228 . . . o
[4or I:,z)c O =S M cos ot (bbb = 2P M sinm ] (3)

In this cquation, F, and M are the clectric ficld strength and the FM modulation index,
@, is the modulation (requency, and 8, , & . &, (¢, H . @) arc the clectric field absorption
(dispersion) signals of the sample at the frequencies of the carrier and the lower and upper
sideband, respectively. iquation (3) is valid in the limit of small modulation index and small
differences in the absorption and dispersion values at the three frequencies: M, 6, =6, 1.
{8, =6 1. ldo—ep. 1, 1, ~b | =< 1. The cffcct of the first-stage mixer is to multiply Iy
by the local oscillator 1.O1 which oscillates as cos(m,t 4- M), where 0 is the rf phase difference
between I, and the local oscillator at the position of the mixer. By proper low-pass filtering,
we need consider only the “baschand™ signal at the 117 port of the mixer, given by

I, :lz MEZ ™M [(6_ ~ 8, ) coc = (d, b~ 2py)sin 0], (9)

Bv proper choice of 0 it is possible to pick cither the pure absorption (7S, # = 0) or the
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pure dispersion (7S," 1 = 7/2) signal of the sample .

In the following we calculate the double-modulation line shape for a Lorentzian

absorption linc with height § full-width at half-maximum (FWIHND 207 and center

maxe

frequency @1, which has the following form:
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() = S L (0 — @) (5a)
B(0) = Syl — @)y (01 — ) (5h)
with the normalized Lorentzian defined by
Ldw ~ @) = (Mm[(w - o) + 2] (6)

We assume that the secondary US modulation causes a sinusoidal oscillation of the center
frequency @ at frequency m,. Then, for instance, the absorption signal at the lower I'M

sideband s given by
O_(t) = 6l Lilog — o — @1 + mcos o, 1)], (7N

with @, being the frequency of the (light) carrier. We restrict oursclves to the case that the
amplitude m of the oscillation is small compared to the linewidth and, hence, we perform a

Taylor expansion of Eq. (7) up to first order in m,
(3_(() x (Sz — (Smaxftr(_t)'n] COS((I)At)I,lr((l)C — Wy — ™), (R)

where the prime denotes the derivative of the Lorentzian with respect to its argument and
0 =46 (m=0). A similar expansion can be done for the upper sideband absorption signal
and for all three dispersion terms. In the purc S, phase (7 = 0), the signal at the T port

of the first mixer oscillating at m, is then given by

(0 =0) = % MIipe 2 {(87 = 8) = 8, qenlC@m cos(m 1)
(9)

L. —w —a)— L'l + o —a) ).
N | c m I c m




-14-
In the second-stage mixcer, this function is multiplicd by the US local oscillator,

cos(myt + ). Picking again only the slowly varying “bascband™ term lcads to the following

form of the double-modulation signal in the absorption (S,) phase:

et W, — W

[((!)C + oy, — ?5)2 + rzjz

[,(0 = 0) = - mMIZs, . e cos

(10)

e — ”)m — @

[(mc — = o) + FZ]Z

In order to obtain maximum sign: | amplitude, the phasc  of the local oscillator at the
second-stage mixer must be properly adjusted; however, in contrast to the situation at the
first-stage mixer, a detuning of # from the optimal valuc only causes a decrease in signal (or

a sign change) and doces not give rise to a change of the line shape.

In an analogous way to thc absorption, the dispersion or S, signal at the output of the
second mixer can be calculated. We start out by picking 0 =% in Eq. {(4) and inserting
approximations for the time-dependent ¢ values similar to Eq. (8). The “baseband” signal
at the output of the sccond mixer becomes

2 (w — @) - T?]
[((I)C — 6)2 + F2]2

12(0 - %) - —lll— mML% O maxl “_’C_MO cos
(rn
(g + wy — 5)2 -1 (e —w, — 5)2 -1
[(mc +wy, — mh -+ ["2]2 [(mC -, = m)2 + rz]z

Plots of Egs. (10) and (1) for two different linewidths 7 as well as the corresponding signal
shapes in simple 'M, for comparison, arc shown in Iig. 5. The characteristic {eatures of the
double modulation signal in S, phasc [Liq. (10), Figs. S(¢), S(D] are a large positive and a

large negative slope. centered around the real position @ of the absorption linc and separated
by twice the I'M modulating frequency o, This “W"-like shape mav change into an “M",

if cither of the phases @ or W is shifted by 7. The dispersion signal [Eq. (11, Figs. S(g),
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S(h)]. on the other hand, i1s characterized by a large positive peak at @ and two smaller
negative peaks (of half the amplitude of the central peak) at @ + w,,. Again, the overall sign
of this line shape may change, depending on € and . The amplitude of the dispersion signal

is bigger than the absorption signal, the quotient between the maximum values being

- ~ 1. (12)

Nevertheless, we found it more favorable to choose the §; phase in our SMD experiments,
since the “W™ (or “M™) line shape is simpler and casicr to recognize, especially in a

background of other out-of-focus weak single-molecule signals (see below).

B. Estimated Amplitede of Single-Molecule Signals

Generally, the (power) absorbance of a center with peak cross section ¢ in a light beam

of area A is given by
(A)l. = /A . (13)

Thercfore, the detection of single molecules should be casicst for molecules with strong
absorption lines (large o) and a tightly focussed laser beam (small A). For pentacene in
p-terphenyl the transition dipole moment of the purcly clectronic |S, > « |S, > transition in
the O, site was mecasurcd to be 0.71D 27, and the L.RK linewidth (FWIIM) of the O, and
0, sites was determined to be 7.8 MIlz and 7.3 MIl7, rc.‘:pcctichyZR. This resuits in values
for the pecak absorption cross section o of 9.3 x 10 "2 cm? and 9.9 x 10 '2 cm?, using a
standard formula given by [lilborn ® " Trom measurements of (he light power transmitted
through small pinholes, the focal waist diamcter of our laser beam was estimated to be
roughly 3 um. Using this valuc and ¢ = 9.3 x 10 '2 cm? for the O, site, we obtain a

theoretical signal amplitude of (Ao)l. = 1.3 x 10 ¢,




4—

- 16-

In this calculation, it was assumed that there is no power broadening of the molecular
absorption line. In a tightly focussed laser spot, on the other hand, it is relatively casy to
achieve the conditions of power broadening, especially in optical three-level svstems which
have a long-lived bottleneck such as the lowest triplet state [T, > in between [S, > and
[Sh . According to Refll 20, the light-power-dependent linewidth of an optical three-level

svstem 1s given by

Avy, = F1+ KT (14)

I | / iy
_71— N

where T, is the phase relaxation time and K2 = 2+ A)2T,K,. 1In the latter expression, y
denotes the (light-dependent) Rabi frequency, A = k,q/ky, is the quotient between the
transition rates into and out of the bottlencck state, and K, = ks, + ky; is the total decay rate
of the excited singlet state |S, > (which is equal to the inverse fluorcscence lifetime). The

critical ight intensity I, at which power broadening begins can be calculated by sctting

KiT,= 1. This leads to the expression:

K,

[l|2(2 + /\)'2

2
Isal.}lS = r’()('ﬂh

. . . 28,31
I'or pentacene in p-terphenyl, we insert the values

K, =4.26 x 107 s,
2+ A)=43x 10 ¥ C2 m?, T, =41 ns, and we obtain the saturation intensity

lwus =71 mWjcm?

Il the bottleneck state is not taken into account, the saturation intensity for a two-level

n
svstem reads

(1)
#%2‘1]2

)
lcm.zl s = tpCyh

This formula s obtained from Eq. (15) by replacing K, by the inverse {luorescence lifetime

T, and sctting A =0 . In the case of pentacenc at 1.5 K the value is [, o= 1.1 W/emd
! g p Al
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In order to obtain an acceptable signal-to-noise ratio, we performed most of our
measurements with a light power of 0.3 xW. At this value, the total intensity in the 3 um
diameter focal spot is 4.2 W/cm? (i.c., 0.85 W/cm? in one sideband). Since the absorption

) ) ) k)
cross section decreases in the case of saturation as

1

a(l)=a(l = 0) _l——}—-T
sat

. (17)
we would expect 7 peak o value of only 7.2 x 10 2 cm? | if the molecule behaved as a usual
three-level svstem. An absorption line this weak is hardlv obscrvable cven with our
ultrasensitive apparatus. Qur cxperimental single-molecule spectra, on the other hand,
correspond to a valucs on the order of 4.9 x 10 2cm? (see Scction [V), which is closer to
the theoretical value if the (higher) two-level saturation intensity is inserted in Eq. (17).
Although the absolute mecasurecment of absorption strength is very difficult, this comparison
provides evidence for the possibility that the singlet-triplet transition rates of molecules in
highly strained sites (which absorb far out in the wings of the absorption linc) are different

from those in equilibrium sites near the center of the inhomogenecous line.

In the above calculation we used quantitics such as the phasc relaxation time and the
transition rates between the cnergy levels, which are usually defined (and mcasured) for an
ensemble of many molecules. Therefore, the question arises whether or not these quantitics
are meaningful in the case of one single absorber in resonance. A crucial feature of our
experimental conditions is that we do nat probe single quantum jumps in the molecule but
perform the experiment under conditions where many transitions between its cnergy levels
occur during the observation time. Therefore, time-averaged measurements on a single
absorber arc meaningful and (byv the crgodic thcorem) would be expected to provide the same

information as an cnsemblc of many molccules in essentially identical surroundings.
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IV. RESULTS AND DISCUSSION

A. FM|Stark Mleasurements

Persistent Spectral Holes

In order to compare the theorctical line shapes of an I'M:double modulation experiment
to rcal experimental waveforms provided by a strong Lorentzian spectral feature in the
sample, we performed measurcments on persistent holes burnt near the center of the O band
of a more heavilv doped (2.5 x 10 ¢ mole/mole) pentacene/p-terphenyl mixed crystal. Such
studics also verified that our external clectric field strength values were suflicient to shift the
absorption lincs by a noticeable fraction of the homogencous linewidth. The
pentacene’p-terphenvl system exhibits persistent spectral hole-burning although the cfficiency
is extremely low " The mechanism is not yet fully understood, but since the holes are
observed to decay on a time scale of several minutes, we suggest that the mechanism involves
a flip of the central phenyl ring of a necarby p-terphenyl molecule from its normally cocked
position to another metastable orientation. In cffect, certain pentacene moleccules may be
coupled to a ncarby two-level system. [For the hole-burning experiments, we took the small
optical storage lens out of the cryostat and adjusted the diameter of the laser beam hitting

. o . . 4
the sample to ~ | mm in order to reduce the SIS signal and obtain a smoother bascline .

Figure 6 shows four traces of a hole in simple I'M spectroscopy (S, phase), which was
burnt near the center of the O, line at 592.328 nm. To burn the hole, we irradiated with
a light power of 30 W for 10 minutes with no phasc modulation of the laser light and no
clectric ficld applied to the samplc. [For recording the spectra, the light power was reduced
to 3 W, and 64 scans were averaged. Trace (a) shows the hole immediately after burning
with no voltage applicd. The signal clearly shows the typical §; I'M linc shape of a

. @ . :
l.orentzian spectral fecature . The linewidth, however, is much larger than twice the

homogencous lincwidth of 15.6 Mz although the light intensity in the defocused laser spot
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was only about 4 mW.cm” during burning which is well below the saturation limit (sce
Section ). The reason mav be due to the nonphotochemical nature of the hole-burning
mechanism or perhaps a shight heating of the sample due to the high total light energy

required.

The traces (b), (<), and (d) in Fig. 6 show subscquent scans over the same hole with de
ficlds of 28 kV/cm, 45 kViem, and 0 kV/cm, respectively, applied. Trace (d) was taken at
the end of this serics. The comparison between (a) and (d) shows that there is a substantial
decrease in hole arca within a few minutes, corresponding to a back-reaction of the
photoproduct. In traces (b) and (¢} which were recorded with clectric de fields applied, the
hole is slightly shifted to lower frequencies and, morcaover, it is substantially broadened. Both
the red shift and the broadening arc reversible and disappear when the field is turned off (sce
trace (d)). T'or pentacene in p-terphenyl, the Stark shifts were measured previously B and
red-shift values of 1.40x 10 6 ¢cm !, 438 x 10 6 cm~!, and 5.33 x 10 ¢ cm~! were reported for
an clectric field strength of 1 kV/cm applicd along the crystallographic a, b, and ¢ axis,
respectively. At a ficld strength of 45 kV/em, this would correspond to a shift between 85
M1z and 320 MI17, depending on the crystal orientation. The actual shift measured, on the
other hand, is only ~ 100 MI17. Thus, it scems that the ficld strength experienced by the
dye molccules is somewhat smaller than cxpected, probably duc to screening cffects caused
by spacc or surface charges in the sample " Also the distinet broadening of the hole
indicates the presence of charge carriers giving rise to different amounts of screening of the
I: ficld at the focations of different molccules. In spite of this problem, the data in Fig. 6
indicate that ficld strengths of a few tens of kV/em arc suflicient to shift the pentacenc
absorption lines by a sizeable amount and, therefore, that the I'M/Stark double modulation

approach should be suitable to detect single-molecule spectra.

[igure 7 shows spectra of persistent holes taken in simple I'M and "M/ Stark double

modulation under various conditions. Becausc of the rapid decayv of the hole arca, the data

e
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were taken on different holes which were all burnt near the center of the O, band under the
same conditions as the hole shown in I'ig. 6. The light power used for probing the hole
spectra was 3 oW oin all cases. Since different periods of time elapsed between burning and
scanning the holes, their absolute amplitudes are not comparable, which, however, does not

affect the line shapes of the spectra in anv wav.,

Trace (ay in Fig. 7 shows a hole in simple I'M detection with no clectric field applied to
the sampie. This spectrum was taken under the same conditions as in FFig. 6(a) and has been
added here for comparison. The four lower traces in IFig. 7 <how hole spectra recorded in
M Stark double modulation. In each case a bipolar sinusoidal I¢ field at 5 kl1z with peak
value 28 kV'em was applicd to the sample, and lTock-in detection at twice the modulating
frequency (10 klt/) was performed (see Fig. d(a)) with a time constant of 1.25 ms. In traces
th) and (¢} the phase of the tf focal oscillator was adjusted to give the pure S, component
of the signal, whereas in traces (d) and (¢) the pure S, phase was sclected. The value of

w /27 was 75 Milz in the case of (b) and () and 90 Milz in (¢) and (¢), respectively.

The comparison of these four double-modulation spectra of persistent holes with the
corresponding theoretical line shapes (I'ig. S(¢) and (g) for a broader Lorentzian) shows that
the theory properly describes the salient features both in the S, and the S, phase (apart from
a trivial sign reversal in S;). In Sy, the experimental spectra are characterized by a large
negative slope and a large positive slope scparated by exactly twice the rf modulating
frequency. A change of the rf frequency causes this “W™ shape to expand (or contract)
accordingly. A «light asvmmetry of the experimental hole signal, which especially appears
in trace 7(h) mav be due to a small detuning of the f phase from exactlv S, ; also the
underlving SE'S signal may give rise to a marginal distortion. In the S, phase, the basic
fcatures arc a strong negative peak which is bracketed by two positive peaks of hall its
amplitude.  The distance between the positive peaks is again given by twice the radio

requency, so that the whole structure expands as o /27 15 changed from 75 to 90 Mll.




Single-Molecule Data

In order to find appropriate spectral positions for observing single-molccule signals, we
first measured the variations of the SI'S amplitude across the inhomogencous O, and O,
bands of pentacene in p-terpheny! using the I'M/Stark method. The results are shown in
Fig. 8. The circles in Fig. 8 represent the mean-square values of SI'S as measured in scans
over 0.5 Glz wide spectral regions. The background mean-square noise level (as measured
far awayv from the absorption lines) has been subtracted from the raw data. Together with
the SI'S data, regular absorption spectra of the O, and O, bands are plotted (smooth
curves) which were recorded on a higher-concentration sample (2.5 x 10 ¢ mole/mole) with
a scanning monochromator. The root-mean-square (RMS) values of the SI'S are
proportional to the fluctuations in the absorption coeflicient and therefore, to the fluctuations
of the number Ny; of absorption lines per homogencous linewidth.  According to the
fundamental laws of statistics of independent additive quantitics, these fluctuations vary as
the square root of the mean value Ny, in the limit Ny > > 1. As a conszquence, the
mean-squarc (MS) of the SI'S spectra should scale with N}, and, thus, with the mean
absorption coelTicient that i1s measurcd bv the monochromator. These relations arc

summarized in Iiqs. (18a) and (18b).

RMSgqps ~ (A)l ~ AN ~ Ny, (1%a)
MSgpq ~ Nypy ~ a0l . (18b)

Figure 8 <hows that there is indeed a good correlation between the MS values of the SES
and the average absorption cocfficient. The scatter in the SIF'S mean-square values are to
be expected since the SIS, being a statistical gquantity, is itself subject to statistical
fluctnations. The arrows indicate typical spectral positions where we observed single-molecule
spectra in our fow-concentration samples (2.5 x 10 7 mole/mole). These wavelengths are

very far away from the peaks of the inhomogencous bands, if one considers the shapes of
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the bands as stricthv Gaussian, At a dve concentration of 2.3« 10 7 mole/mole, the N},
values at the center of cach band are cstimated to be in the range 107 — 10* for our focal
valume.  Using a width of the inhomogencous distribution in the O, band of 42 GI1/ * and
assuming a strictly: Gaussian decrease of Ny towards the wings of the band, one would
predict that Ny, ~ 10 % =10 7 ar the position of the right arrow (392457 nm). It is obvious
thit there are sfowiv-decaving tails on the inhomogencous lines, which extend out much
larther than predicted by the Gaussian model. Probably these <ites correspond 1o dve

molecules near major lattice imperfections such as poimnt defects and dislocations and are,

therefore, hughiv strined and shifted by a large amount (rom the cquilibrium position,

Single-molecule spectra recorded at the wavelength of the right arrow in Fig. 8 and
obtained with the N Stark technique are shown in Tig. 90 The first trace in Tig. 9 is a
calcubited double-modulation spectrum which has been added for comparison. Trace (b) in
Fig. 9 chows an overlay of eight experimental scans over the same spectral region at S92.438
nm which contain a strong single-molecule signal near the center of the scan. Fach of these
traces was obtamed by averaging the data of 312 single laser scans. The fiducial bar above
the <trong feature marks a distance of 2 v, = 150 MIl/. The shape of the strong
angle-molecule signal is very similar to the theoretical line <hape (trace (a)) and also to the
signals of persistent spectral holes probed with the double-modulation method (Figs. 7(bh) and
ten. Tlowever, in the center the measured lineshape shows a peak which is stronger than
expected. This slight deviation from theorv is most probably due to an admixture of a small
amount of the S, phase. In addition to the strong feature, the traces of Tig. %b) contain
smaller repeatable signals, cspecially at the left cdge. These are presumably caused by other
molecules which are Iocated away from the Inser focus, where the cross-cection of the beam
1s larger than at the waist and, according to I'q. (13, the <gnal amplitude is correspondingly
lower. In trace (¢) the average of the cight scans has been calculated and the contribution
ol the S, phase has been subtracted so as to obtain a least-squarces fit between the strong

central [eature and the theoretical hine shape (thick Tine overliid)., The latter was obtained
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using Fg. (10), The (it is very satisfactory: especially the most pronounced features —~ the
large negative slope and the large positive slope separated by 2v = are well-reproduced by

the fit.

The two traces m Figs. 9(d) and (¢) show double-modulation spectra taken very far off
the inhomogeneous band on the doped sample and at the center of the O, band on an
undoped p-terphenyi erystal, respectivelv. In both cases. no absorption lines of pentacene
molecules are expected to be present. The signals therefore reflect the noise level of our
double-modulation technique, which is composed of shot noisc and a certain amount of
avalanche noise of the photodetector. The contribution of the avalanche noise is
unavoidable, since a detection light power fevel of 0.3 4W is too high for the use of a
photomultiplicr and not Iugh enough for the shot-noise-limited operation of a regular
photodinde with 50 € load. [For the sake of comparison with the single-molecule data, two
overlaid SI'S spectra recorded at the center of the O, line for the doped sample have been
added in Fig. 90D, In contrast to the former, these spectra are composed of signals {rom
manyv molecular absorption lines and, as a conscquence, show strong repcatable features all

over the scan rangce.

We observed <ingle-molccule signals similar to those in Fig. 9 on several occasions with
several different samples; however, it was not possible to rchably obtain SMI) spectra cach
day with the I'M/Stark technique. The problem was most probably due to an clectrical
phenomenon well-known in organic crystals T the injection of charge carriers from the
clectrodes into the interior of the crystals, The injected charges give rise to strong internal
clectric ficlds which add to the externally applicd ficld and, morcover, mav vary in an
unpredictable manner as part of the charges move around under the action of the external
AC ficld. Since the charges are expected to be trapped in different surroundings, their
motions should have different amplitudes and different phase shifts with respect to the driving

ficld. Strong cvidence for the presence of injected charge carriers comes from the data shown
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in Fig. 100 Part ) contans 8 spectra recorded at the blue edge of the O, band at
592,057 nm. The concentration of the sample was 2.5 x 10 7 molermole and the radio
frequency was v = S0 MIlzo A repeatable W' like <ingle-molecule signal is clearly visible
around a relative laser Ireque. - oF 230 Mz At the Teft and right edges of the scan range
additional repeatable features are loce -1 which mayv be due to other molecules. Triace (b
<hows the average of the cight scans contau,.. ' in (a). In this case, the internal Stark
maodulation was produced by an clectric field i the foi: »f a bipolar square wave at S kI,
['he remarkable point in the experimental conditions used [or secording these spectra,
however, was that the second-stage demodulation in the lock-in amplifier was performed at
the modulation [requency oy rather than at 2 m,. Therclore, the lock-in was probing line
shifts due to the Jinear Stark cflect. Since isolated pentacene. due to its center of svmmetry,
does not exhibit an intrinsic lincar Stark cflect, neither in the [S, > nor in the |S, > state,
this observation strongly indicates that an injected charge carrier is located near the molecule,
inducing permancent dipole moments via its Coulomb field. [t is unlikelv that a polar
impurity molecule other than pentacenc gives rise to this SMID signal for two reasons: First,
the signals were observed in the blue tail of the characteristic O, site origin for pentacenc
in p-terphenyvl. Tar away (rom the inhomogencous origins no such spectra were observed,
ias traces (¢) show which were recorded at S93.071 nm. The sccond reason is that an impurity
molccule with a much broader absorption line than pentacene cannot be observed with the
I'M technique, since the sensitivity of the I'M mcethod is restricted to spectral features with

widths on the order of or narrower than v, (sce Scction 11).

It is in principle possible that the clectric dipole moments of the pentacene molecule
responsible for this lincar Stark cflcct arc induced by an jonic or strongly polar impurity
molecule nearby rather than an isolated injected charge carrier. However, this also seems
unlikely considering the large SIS signal at the center of the O, line that was abserved in
the same sample with fincar Stark-cfTect detection (g, H(d). This specific sample was

cleaved from a Bridgman boule that was grown from cxtensively zone-refined p-terphenvt and
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sublimed pentacene and that provided several other samples which showed only very weak
ST'S signals near the centers of the pentacene absorption lines using the lincar Stark efTect.
The presence of a large amount of impurity molecules other than pentacene can therefore
be ruled out. The lincar Stark effect giving risc to the data in I'ig. 10 scems indeed to be
due to the injection ol charge carriers, which in this specific sample may have been especially
numerous duc to good contacts between the sample and the clectrodes and to the extended
period of time in which the sample was exposed to large clectric ficlds. These experimental
findings mayv lcad to several interesting applications of SMI), namely the study of single
charge carrier traps in organic materials and of local environments with lowered svmumetry
due to ncarbv charges. Previously a different optical method for the detection of injected
charges in a polymeric sample was reported ™ which was based on persistent spectral
hole-burning; however, it measured the macroscopic clectric ficld generated in the sample by

the injected charges and was therefore insensitive to local cffects.

B. FM|Ultrasound Measurements

The study of the local surroundings of single injected charge carriers may become an
interesting ficld; however, for the detection and spectroscopy ol single dye molecules the
effect of charge injection and motion is undesirable, since it gives rise to poor reproducibility
of the Stark shifts. In order to overcome this problem and to provide confirmation of our
single-molecule results with a distinct technique, we used a difTerent sccondary modulation
of the absorption lines, namcely the application of time-varving stress fields with ultrasound.
The corresponding demodulation was performed at the ultrasonic frequency using a sccond
rf mixer (sec Ilig. 4(b)). Good single-molecule spectra were obtained with both longitudinal

and transvorse ultrasonic waves, as will be demonstrated below.

The two traces in Fig. 11(a) show SIS spectra taken at the center of the O, band
(592.321 nm) using a modulation with transverse ultrasound at a frequency of 4.9 MIlz.

The sample was bonded to an AT-cut quartz transducer of | inch diameter, which carried




226-

highly reflective gold clectrodes on both sides. The light reflected off the transducer (which
passed through the sample twice) was focussed onto the photodetector. As expected, the
resulting SIS spectra were somewhat more reproducible than for the FFM/Stark case. Upon
proceeding out in the wings of the inhomogencous line, the SI'S amplitude was obscrved to
decrease until multiple-molecule and then single-molecule spectra were observed. The traces
(h) through (¢) show <cans over a spectral region at the blue cdge of O, (592.004 nm). These
spectra were recorded using different light modulation frequencies of 91 M1z (b), 76 MIIz
(c), 6Y Mz {d), and 31 MI1s (¢). Although the signal-to-noise ratio is somewhat worse than
the I"M/Stark case (due to the averaging of only 12R scans for each tracc), a "W--like
single-molecule signal is clearly visible in all of these traces. As v, is decrcased, the "W” line
shape contracts such that the distance between the downward and the upward slope is always
cqual to 2v.. The fiducial bars above the traces mark these distances. The fact that a change
of v, causes a svmmetrical contraction or expansion is the final proof that the "W"-like
spectral features that we observe arc reallv due to single molecules (or several molecules
absorbing at cxactly the same frequency). I these signals were composed of spectral features
arising from several molecules at several wavelengths, thev would not change in such a
systematic manner. The ST'S signal at the line center, for instance, does not exhibit
well-defined changes when v, is varicd. The possibility that the "W7-like line shapes are
generated by more than onc molecule absorbing at exactly the same wavelength, on the other
hand, cannot be totally ruled out, but this secems cxtremely unlikely so far away from the
center of the inhomogencous distribution {compare the estimate of the Nj; values in Section

[V.A).

The last two pairs of traces in Iig. 11, (1} and (g), arc spectra recorded very far away
from the pentacene absorption lines (at 590.452 nm) and scans with no light fafling on the
detector, respectively. The comparison between (N and (g) shows that the sensitivity of our
double-modulation method is limited by light-related noise (f) which is distinetly larger than

the background noise of the clectronics (g). Tlowever, as was mentioned carlier, our
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measurement is not fully quantum-limited but contains a contribution rom the avalanche

noisc of the detector.

At this point a comment on the amplitude of the single-molecuic signals as compared to
the F'M/Stark mcthod may be made. The signal-to-noise ratio in [Fig. 11(b) through (¢) is
smaller than that of our best FM/Stark data (sec Fig. 9 (b)) by more than a factor of two
that can be explained by the difference in averaging time. The most probable reason is that
the ultrasound shifts the center frequencies of the absorption lincs by a smaller amount than
the clectric field. This corresponds to a smaller modulation index m of the sccondary
modulation and, according to Iiq. (10), recults in a decrease of the signal amplitude which
linearly depends on m. The data shown in Fig. 11 were taken using a power level of -15
dBm to drive the ultrasonic transducer. This level gave the largest SI'S signals at the centers
of the absorption bands. [ligher driving powers resulted only in a broadening and,
cventually, in a decrease of the SIS signals. A possible rcason for this behavior is the
build-up of incoherent ultrasound in the sample due to reflections at the free surface”” and/or
possible heating effects. A proper acoustic rmination should help to improve the former

problem in futurc mecasurements.

In the case of seccondary modulation with transversc ultrasound, the signal-to-noise ratio
was worse than that for the FM/Stark technique, probably duc to a smaller modulation index
m (sec above). The repeatability of the spectra was improved, however. In order to test if
the signal size could be increased by using !engitudinal rather than transverse ultrasound,
we replaced the AT-cut quartz transducer by a X-cut transducer at § M1z, This transducer
had no clectrodes so that a special sample holder assembly was required for exciting the
ultrasonic oscillations.  We sandwiched the transducer between two ['TO-coated glass plates
with the coated sides next to the transduccr. In order to achicve a good mechanical contact
we placed thin layers of Nonaq stopcock grease between the clements of this stack. The

sample was then bonded to the outer side of one of the glass plates with phenyl salicylate.
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The advantage of this configuration as compared to the use of a coated transducer was its

optical transparcncy and lower optical losses due to scattering in the sample.

Scveral tvpical spectra obtained with longitudinal ultrasonic modulation are displaved in
Iigure 12. All the traces were obtained by averaging 128 single scans. The structure of the
figure is simular to that of Fig. 1. the two traces labeled (a) show strong SUS acar the
center of the O, line (at 5892.312 nm). As in the case of transverse ultrasound, the power
level of the secondary modulation was adjusted so as to obtain maximal amplitude of the
SIS signal; the optimal value turned out to be -20 dBm. The traces (b) through (d) were
taken at the bluc edge of the O, band (at 591.982 nm) with the same ultrasonic power.
[lach contains a strong single-molecule signal left of the center and scveral other repeating
fcatures which, again, arc probably duc to other molecules located outside the (ocal region
of the laser. The rf modulating frequency was varied from 76 M1z (b) to 91 MIlz (c) and
back to 76 MIIz (d). The strong “W~-like featurc expands and contracts in accordance with
these changes (compare the fiducial bars), giving strong cvidence for a single molecule. The
changes of the smallcr signals, on the other hand, do not follow the frequency variation in
a similarly obvious way, which suggests that they arc caused by scveral overlapping
out-of-focus molecules. This scems reasonable, because there are much larger portions of the

probe volume out of the laser focus than in the tiny focal spot.

The signal-to-noisc ratio is clearly better than in the casc of transverse ultrasonic
modulation and is comparable with the Stark cffect experiment at cqual averaging times
(compare Figs. 9, 11 and 12). The better signal-to-noisc ratio suggests that the molecular
absorption lincs are more cfliciently shifted by the periodic compression and rarefaction

connected with a longitudinal wave than by a shear wave.

The two traces in Fig. 12 (¢) were taken way off the O, linc at 590.741 nm, and these
scans do not contain repeatable signals above the noise [evel. In a manner similar to the

Stark and transverse ultrasonic modulation techniques, this result confirms that far cnough
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away {rom the inhomogencous line center, no pentacene molecules are in resonance with the
laser (requency. Although the inhomogencous distribution falls off in the wings much more
slowly than the strict Gaussian law would predict (sce above), it definitely reaches zero in a
certain distance which is smaller than the frequency difference between the O, and O, bands
of roughly 4 nm. The traces (f) at the bottom ot I'ig. 12 were taken with no light impinging
on the detector; these ngain <hew that the noise level of our clectronics is smaller than the

light-related noise of traces (c).

Considering all the cxperimental data, a comparison between the amplitudes of the SMD
signals in the wings of the inhomogeneous linc and the SI'S spectra taken near the center
of the inhomogeneous line may now be made. Using the known cross section and dilution
of our samples, we estimated the average number Ny, of molccular absorption lines per
homogeneous linewidth in the probe volume to be on the order of 10* — 104 near the band
center. If we assume that the number Quctuations ANj; roughly scale as \/ﬁ”— (which
underestimates AN, for small Ny;), we expect the amplitude of SI'S spectra taken near the
center of the inhomogencous band to be larger than a single-molecule signal by a factor of
at least 30 - 100. In part of our cxperimental data, this difference is much smaller - especially
with the FM/Stark technique (sec Figs. 9 - 12). An cxplanation may be that the molecules
absorbing at the linc center which are located in near-cquilibrium positions arc subject to
strong power broadening and a corresponding reduction of their peak absorption cross
scction. In Sec. T11 we calculated the saturation light intensity for pentacene in
p-terphenyl to be 71 mW/em? whercas the actual intensity in our focal spot (in one sidehand)
was ~ 0.85 W/cm2 Those molccules which absorb out in the wings, on the other hand, ¢an
be assumed to sit in highly strained sites and may have a higher eflective saturation intensity.
Ividence for this hypothesis comes also [rom the absolute magnitude of our SMD signals

(sce Scc. 11D,
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Another possible reason for the amplitude of our SMI) signals could, in principle, be that
they are duc to pentacenc dimers rather than monomers. Iiven in very dilute solutions of
the dve, a certain amount of dimers can be expected to occur, since the solubility in the
moiten phase during sample preparation is not perfect. There are dimer absorption origins

. . 2R
both to the red of the O and to the bluc of the O, monomer bands . However, the
intersystem-crossing rates Ky, at least of the long-wavelength dimer states, arc much higher
® . . :

than those of the O; and O, monomers ., which would give risc to cven stronger power

. . 0o, g . .
broadening due to trniplet bottieneck cffects . No detailed information about the absorption
cross sections o and phosphorescence decay rates ky, of various dimers is currently available
so that a qualitative calculation of the saturation light intensity cannot be performed.
Nevertheless, due to the high intersvstem crossing rates, it scems unlikelv that dimers are the

onigin of our strong SMD signals.

One might argue that it should be possible to test experimentally if a single molecule is
subject to strong pumping (i.c., AC Stark cflccts) by the laser light ficld or not. If the
molccule interacts with a strong light ficld, its absorption linc is expected to split into two
componcnts, onc positive and onec negative, whosc scparation and relative amplitudes depend
on the intensity and (requency detuning of the light from the molecular resonance
['rcqucncym. This cffect, which was [irst demonstrated in sodium vapor, Y cannot casily be
observed for dve molecules embedded in a solid, since, due to the inhomogencous
distribution, the molccular line doublets are smearcd out to one power-broadened line. [or
one single molecule, however, it should in principle be possible to obscrve the line splitting.
lTowever, our I"M scheme is not capable of achicving this for the following rcason. In our
experiment, the molccular absorption line is saturated by the carrier frequency and probed
by the two sidebands. In the simplest casc we can assume that the sidebands arc weak
cnough that they do not causc strong pumping. The 'M signal is gencrated (in the S, phase)
by subtracting the ahsorption cxperienced by the upper sideband from that expericnced by

the lower sideband. Since all three frequencics including the carrier arc scanned
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simultancously, the splitting of the absorption linc causcd by the saturating carricr changes
during the scanning process. The resulting IFAT signal is the c<ame as for a regular
powcr-broadened lLorentzian line, as we have checked by model calculations. The shape of
a single-molecule signal in our FM/Stark or ['M/US double-modulation experiment docs,
therefore, not reveal any strong-pumping cffects. ['uture work should consider whether or

not strong pumping effects can be detected by operating in the dispersion-sensitive (S;) phasc.

V. Summary and Conclusion

In the present paper we have demonstrated the possibility of detecting the absorption
signal of onc individual dye molccule in a transparent matrix. Our model system was
pentacene in a p-terphenyl single crvstal at 1.5 K. In order to sclect onc single absorption
line we chose rather dilute dopant concentrations between 2 x 107 and I x 10°% mole/mole
and investigated spectral regions out in the wings of the inhomogencous O, and O,
absorption bands corresponding to the electronic |S; > « |S,> (0 - 0) transition. Our
detection method was based on laser 'M spectroscopy with modulation frequencies between
S0 and 100 MIl7. Since in this technique weak signals arc often obscured by residual
amplitude modulation (RAM), we used a sccondary modulation of the absorption lines of
the sample by applyving either an electric ac ficld or transverse or longitudinal ultrasonic
waves. With cach of these three double-modulation methods we achieved a detection
sensitivity close to the quantum noise hmit and unambiguously observed single-molecule
signals. This rules out the possibility of artifacts that might arise if only onc techmque is
used. In order to obtain a favorable signal-to-noise ratio, we chose to tolerate some power
broadening of the absorption lincs. [However, the absolute amplitude of the SMD signals
as well as its rclation to the magnitude of SI'S recorded near the centers of the

inhomogencous bands led to the conciusion that molecules absorbing out in the wings have
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a higher saturation light intensity than thosc at the center. This may indicate that the

presence of high local strains at the single-molecule sites alters the intersystem crossing rates.

The spectroscopic detection and study of single dyc molecules in a solid may lcad to a
variety of novel experimental studics in the future. One direction could be the measurement
of the photophysical propertics of the dopant molccules themselves, such as lifetimes and
transition rates. In this context, it would be interesting to repeat the experiments reported
here on samples with much lower pentacene concentrations, in which single-molecule spectra
could be detected closer to the centers of the inhomogencous origins. By investigating power
broadening behavior, it should be possible to obtain information about the influence of the
matrix environment on intramolecular relaxation channels, cspecially on the intersystem

crossing rate.

Another application of single-molecule spectroscopy could be the extremely site-selective
investigation of small changes in the matrix, in which casc the dopant molccule acts only
as a probe. An example is persistent spectral hole-burning on one molecule, which might
help to elucidate the hole-burning mechanism in the pentacene / p-terphenyl system.  Since
pentacene is a fairly photostable molecule for long-wavclength irradiation at low
temperaturcs, the mechanism probably involves a structural or orientational rearrangement
of a nearby matrix molecule. Other studics of the influence of the local environment could
be accomplished by measuring the cfTects of cxternal perturbations (cxcluding of course the

external field required to detect the absorption).

If SMD can be realized in amorphous dyve-matrix systems, an interesting application
A . . ce W39 :
might be the microscopic study of spectral diffusion . This phenomenon is a
spectroscopic manifestation of slow relaxation processes that are common in non-cqulibrium
solids such as glasses. In hole-burning experiments, spectral diffusion leads to broadening
: : o 40 _ : :
of a hole with a logarithmic time dependence . Onc single molccular absorption line, on the

other hand, is expected to perform a random-walk-like motion. Tt would be nccessary,
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however, to {ind an amorphous dve-matrix system with an extremely low hole-burning

quantum vyicld, so that the center can be observed over a sufliciently long period of time.

In general, the optical detection of single molecules in a solid removes any cffects of
inhomogencous broadening which, to some extent, are still present in conventional
site-sclective methods of spectroscopy such as persistent spectral hole-burning and coherent
transients. It is therelore capable of investigating dye-matrix interactions in a truly local
manner, since the usual averaging over many dopant molecules with accidentally degenerate

transition frequencies 1s absent.
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FIGURE CAPTIONS

Figure 1. Structure of an inhomogencously broadened absorption line (upper part) and
principle of single-molecule detection (lower part) in a schematic representation. The
inhomogeneous line is the envelope of many accumulated molecular 7ero-phonon
(homogencous) absorption lines arising (rom absorbing molecules in a transparent matrix.
Near the center, the inhomogenecous band is approximately Gaussian, whereas far out in the
wings single homogencous lines are present. The lower part shows cross sections through
the sample with the waist of a focussed laser beam. At the line center, many dye molecules
arc located in the path of the beam, out in the wings very few molecules (id-allv: one single)

are probed.

Figure 2. Schematic of a simple I'M experiment. The top of the figure shows the light
spectrum at the output of the lascr, after the clectro-optic modulator crystal, and after the
sample (from left to right), the arrows indicating the relative phases of the electric light fields.
FF'or a discussion sce text. More detailed diagrams of our double-modulation techniques are

depicted in Fags. 3, 4(a), and d(h).

Figure 3. Optical sctup used in the SMD cxperiments. For the connections of the first-stage
local oscillator L.OI, the external drive for the sample modulation, and the output signals
of the photodiodes PDI and PDIR, see Figs. d(a) and d(h). The svmbols arc explained in

the text.

Figure 4(a). Schematic <howing the processing of the signals of the photo-diodes PDT and
PDIR in the "M Stark cxperiment (compare ig. 4(h)). The first-stage demodulation {with
respect to the Taser I'MY i performed by the mixers M1, the sccond-stage demodulation (with

respect to the clectric-ficld modulation of the sample) by the Tock-in amplifier LiA. Two
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different high-voltage sources [V were used which provided either a sinusoidal wavelorm

or a bipolar squarc wave. I'or the explanation of the other svmbols sce the text.

Figure 4(b). Schematic showing the processing of the <ignals of the photo-diodes PDI1 and
PDIR in the 'MIUS experiment (compare Iig. d(a)). The first-stage demodulation (with
respect to the laser I'M) is performed by the mixers M1, the sccond-stage demodulation (with
respect to the ultrasonic modulation of the sample) by mixer M2. TIor the explanation of

the other svmbols sec text.

Figure 5. Theoretical double-modulation line shapes. (a) A broad orentzian absorption;

(bY I'M - S, signal for {a); (¢) Double modulation - S, signal for (a); (d) Doul.le modulation
- S, signal for a narrower Lorentzian, (e) Dispersion signal for (a); () I'M - S, signal for (a);
(g) Double modulation - S, signal for (a); (h) Double modulation - S, signal for a narrower
Lorentzian. All v-axis scales have been normalized for clarity, with 7ero signal at the center

of cach v axis.

Figure 6. Persistent spectral holes for pentacenc in p-terphenyl detected using simple 'M
with w27 =75 MH7. (a) Hole just after burning, (b) Applied dc ficld of 28 kV/cm, (¢)

Applied dc ficld of 45 kV/cm, (d) Back to zcro ficld.

Figure 7. Spectral holes detected using simple M and I'M!Stark double modulation. (a)
Hole in simple I'M, v, = o /27 =75 M7 . §; phasc. (b) I'M/Stark, S, phase,

v = 75 Mz, 20 detection. (¢} v, = 90 MU/ (d) S, phase, v, = 75 Mz () v, =90 MIl/.

m

Figure 8. Variations in SI'S and «l. over the O, and O, bands. The circles represent

mcan-square vafues of SI'S over 0.5 Gllz spectral ranges. The solid line is the measured
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absorptance from a higher-concentration sample. The arrows mark the approximate spectral

ranges in which single-molccule spectra were recorded.

Figure 9. Singic-molecule spectra using ['M/Stark technique {(Guadratic Stark cfTect) (a)

Simulation of FFM/Stark lineshape. (b) SMI) spectra at 592.455 nm, 512 averages, 8 traces
overlaid, bar shows value of 2v, = 150 MIiz. (c) Average of traces in (b) (S, removed) with
fit to the in-focus molccule (smooth curve). (d) Signal far off line at 597.514 nm. (¢) Signal
at O, line center (592.326 nm) for an undoped p-terphenyl crystal. () Traces of SI'S at the

0, line center (592.186 nm) for the doped crystal.

Figure 10. [FM/Stark spectra with second-stage demodulation sensitive to a linear Stark
effect. (a) Eight overlaid spectra at 592.057 nm, v, = 50 MI1z, 512 scans averaged for each.
(b) Average of the eight traces in (a). (c) Spectra way off line at 593.071 nm. (d) Strong

SI'S at O, line center, 592.192 nm.

Figure 11. I"M/US spectra with transverse (shear) ultrasound, 128 averages cach. (a) SFS
at O, line center (592.321 nm) (b) SMD, S, phase, v, = 91 M1z, 592.004 nm. (¢) Same
region, v, = 76 M1z (d) Same region, v, = 61 MIIz (¢) Samc region, v,, = 51 Mz ([) IFar

away from the pentacene absorption lines, 590.452 nm. (g) No light on the detector.

Figure 12. IFFM/US spectra with longitudinal ultrasound for sccondary modulation, 128
averages each. (a) SI'S near O, linc center with v, =76 MI17, 592.312 nm. (b) SMD at
5391982 nm, v, = 76 M1z (¢} v, = 91 Mz (d) v, =76 MIz (¢) Way ofl line, 590.741 nm.

(N No light on the detector.
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